During the past decade there were more than 50 reported outbreaks involving leafy green vegetables contaminated with foodborne pathogens. Leafy greens, including cabbage, are fresh foods rarely heated before consumption, which enables foodborne illness. The need for improved safety of fresh food drives the demand for nonthermal food processes to decrease the risk of pathogens while maintaining fresh quality. This study examines the efficacy of electron-beam (e-beam) irradiation in decreasing indigenous microflora on fresh-cut cabbage and determines the optimal dosage to pasteurize fresh-cut cabbage inoculated with Escherichia coli K-12. Fresh-cut cabbage (100 g) was inoculated with ,8 log E. coli K-12 and e-beam irradiated at doses of 0, 1.0, 2.3, or 4.0 kGy. At 2.3 kGy there was ,1.0 log indigenous microflora remaining, indicating greater than a 4.0-log reduction by e-beam. At a 4.0-kGy dose there was .7-log reduction of E. coli K-12 in the fresh-cut cabbage. The D 10 -value for E. coli K-12 in fresh-cut cabbage was 0.564 kGy. E-beam irradiation is thus a viable nonthermal treatment that extends the shelf life and increases the safety of fresh cabbage by reducing or eliminating indigenous microflora and unwanted pathogens.
During the last 30 years, foodborne outbreaks involving fresh produce contaminated with pathogenic microorganisms increased significantly, as reported to the Centers for Disease Control and Prevention (22) . Since 2000 there have been more than 50 reported outbreaks involving leafy green produce in the United States alone, a 60% increase in reported cases over the previous 20 years (there were 34 reports from 1990 to 2009), indicating that produce-related outbreaks are a major problem (6) . Fresh produce is a readyto-eat food that receives minimal heat treatment to maintain quality, and this fails to inactivate spoilage and pathogenic microorganisms. These organisms may be present on or internalized within fresh produce by contamination via soil, water, processing equipment, or human handlers (2, 5, 11, 20) . A common procedure after harvest of fresh produce is an aqueous chlorine wash at 50 to 200 ppm of chlorine, followed by cutting, slicing, dicing, or shredding (13) . While the wash may initially reduce the microbial load, the subsequent mechanical operations may contaminate or spread surviving organisms (1, 5) . High moisture and numerous cut surfaces on precut vegetables provide excellent conditions for growth of microorganisms (11, 13) .
Demand for safe minimally processed foods drives demand for nonthermal food processing systems to maintain quality (12, 16, 22) . Safe food processing methods for fresh foods are needed (3). Nonthermal food processing techniques include all processes in which product temperature remains below what is needed for pathogen thermal inactivation. Nonthermal methods are ideal candidates for fresh food processing, because they maintain high quality, prolong shelf life, and may significantly decrease pathogenic survival (3, 12) .
Food irradiation includes treatment of food with energy from gamma ray, X ray, accelerated electrons, or other electromagnetic energy sources that cause ionization (12, 25) . Food irradiation is used to extend shelf life and increase safety of many foods including produce (4, 25) . In 2008, the U.S. Food and Drug Administration approved the use of irradiation to treat fresh lettuce and fresh spinach (24, 25) . Irradiation inactivates microorganisms by disrupting genetic material, enzymes, plasmids, and membranes, thus preventing cellular replication (8, 13, 20) . Irradiation forms activated oxygen and hydroxyl radicals that then destroy DNA or membrane integrity, causing microbial death (20) . Most electron-beam (e-beam) accelerators produce beams of electrons that can be aimed directly at the food or at targets within a food (3, 7, 8, 13, 23) . In contrast to gamma irradiation, the e-beam accelerator may be switched off and has less penetration depth. E-beam penetration depends on the electron beam energy, duration of dose, and density of the food (3, 8, 13, 23) . E-beam processing is suggested for enhancing the safety of raw foods (8, 16) .
Prior research showed that e-beam treatment was effective in increasing the microbial safety of foods. In 2008, Neal et al. (19) found a 4.0-log reduction in E. coli O157:H7 and Salmonella inoculated on baby spinach with 0.70-kGy e-beam doses. At 1.07 kGy they achieved a .6-log reduction in both of these food pathogens. In 2006, Mintier and Foley (18) compared the D-values for three strains of Listeria monocytogenes inoculated on chopped romaine lettuce for e-beam and gamma irradiation and found similar results for the two types of irradiation. Further work found that e-beam had no impact on the sensory quality of bagged, ready-to-eat spinach leaves at 1.0 kGy (9).
Our objective was to examine the efficacy of low dosage e-beam irradiation at target doses of 0.0, 1.0, 2.3, and 4.0 kGy in decreasing the indigenous microflora of fresh-cut cabbage. We sought to determine the dosage required to pasteurize fresh-cut cabbage inoculated with Escherichia coli K-12 American Type Culture Collection (ATCC) 29181. This organism serves as a nonpathogenic, radiation-resistant surrogate, enabling validation of food irradiation and e-beam effectiveness in fresh food safety.
MATERIALS AND METHODS
Stock culture growth conditions. E. coli K-12 ATCC 29181 (ATCC, Manassas, VA) was obtained from the laboratory of Dr. Melvin Pascall of Ohio State Food Science and Technology, Columbus. The stock culture was stored at 280uC. It was initially grown at 37uC for 24 h in 5 ml of tryptic soy broth (TSB; BD, Sparks, MD) and subcultured in 5 ml of TSB at 37uC for 24 h before inoculation into 600 ml of TSB for incubation at 37uC for 24 h.
Following incubation, the culture (,10 8 CFU/ml) was aseptically transferred to 50-ml polypropylene tubes (Fisher Scientific, Pittsburgh, PA) and centrifuged at 7,280 | g for 15 min (Centric Model 225, Fisher Scientific International, Fair Lawn, NJ). Supernatants were discarded, and each pellet was suspended in 2.5 ml of sterile distilled water. Samples were recombined into a concentrated stock culture.
Treatment of cabbage. For each of six total trials, 10 lb of fresh-cut chopped cabbage was obtained from Sandridge Foods (Medina, OH). Cabbage arrived packaged in two 5-lb resealable tubs placed in Styrofoam coolers with ice packs via overnight transport. On arrival, samples were immediately stored at 4uC. Fresh-cut chopped cabbage, 100 ¡ 5 g, was aseptically packaged into 16 irradiation-approved high barrier bags, consisting of nylon or ethylene vinyl alcohol copolymer plastic (Winpak Deli #1, Winpak Ltd., Winnipeg, Manitoba, Canada). Eight bags were inoculated with 3.0 ml of ATCC 29181 strain E. coli K-12 concentrated stock solution for a final concentration of ,8 log CFU/g. The other eight, not inoculated, represented an indigenous microflora control. Samples were manually massaged for 2 min to mix. Bags were heat sealed under minimal ambient atmospheric conditions using an impulse heat sealer (American International Electric, Whittier, CA), repackaged in original shipping containers with refrozen ice packs, and transported to the Kent NEO Beam facility for e-beam treatment. Samples were prepared in the evening and refrigerated at 4uC until 3-h transport the next morning by car to the e-beam facility (15825 Old State Road, Middlefield, OH). E-beam irradiation required 45 min to 1 h, and then samples were promptly returned in ice to Ohio State. All samples were stored at 4uC until microbial testing 3 days later.
Electron beam specifications. All samples were processed in duplicate for each of five to six trials. The Kent State NEO Beam system is a Dynamitron electron-beam accelerator (Radiation Dynamics, Inc., Edgewood, NY) at 5.0 MeV, 5.0 kW at 1.0 mA DC. The scanner had a 120-cm exit aperture at 100 Hz. Samples were taped to an inert cardboard sheet and traveled through the ebeam exposure tunnel on an aluminum tray (120 by 180 cm), 27-cart conveyor system (SI Handling Systems, Easton, PA) with a speed ranging from 3.81 to 13.82 cm/s to achieve dosages of 4.0, 2.3, and 1.0 kGy, respectively. Zero-dose samples did not travel. At these dose levels, aluminum tray temperature did not increase, and the cardboard fixed the bags for consistent exposure during ebeam. Initial and final treatment temperatures were recorded by a portable thermocouple and data logger (OM-3001 Portable Datalogger, Omega Technologies Co., Stamford, CT). An irreversible temperature indicator designed for 27.5 to 60uC was fixed between cabbage samples (GEX Corp., Centennial, CO). Dosage was measured using Kodak BioMax Alanine Dosimeter film (Eastman Kodak Co., Rochester, NY) read by a Bruker e-scan electron spin spectrometer (Bruker BioSpin Corp., Billerica, MA). Four dosimeters were placed on top and four at the opposing bottom of each food bag. The dose of each bag was the average between the mean doses of the top and bottom dosimeters. Samples were placed in a cooler with frozen ice packs and returned to Ohio State University for analyses.
Microbial testing. Following e-beam, 25.0 ¡ 0.5 g of cabbage was aseptically transferred to a sterile 400-ml singlechamber polyethylene stomacher bag (Fisher Scientific International, Inc., Pittsburgh, PA) and diluted 1:10 with 0.1% peptone water (BD). All samples were homogenized for 2 min in a mechanical stomacher (capacity 80 to 400 ml; Seward Laboratory Systems Model 400C, Bohemia, NY) and then serially diluted in 0.1% peptone water. One milliliter was pour plated into tryptic soy agar (TSA; BD) and MacConkey agar (MAC; BD) in duplicate. Plates were incubated at 37uC for 48 h.
Statistical analysis.
One-way analysis of variance (ANOVA) and paired t tests between the microbial survival counts were calculated with Minitab version 14 (State College, PA) at a significance level of 95% (a~0.05). The significance of indigenous microflora and of E. coli K-12-inoculated fresh-cut cabbage were analyzed independently of each other and independently of the nutrient agar. The log CFU per gram counts at doses of 0, 1.0, 2.3, and 4.0 kGy were compared with each other for uninoculated counts on TSA, uninoculated counts on MAC, inoculated counts on TSA, and inoculated counts on MAC to determine the statistical significance of each treatment.
RESULTS AND DISCUSSION
Pathogenic E. coli is increasingly associated with produce and leafy green food outbreaks (2, 5, 10, 26). E. coli K-12 serves as a nonpathogenic surrogate microorganism for this pathogen of interest, E. coli O157:H7. Rodriguez et al. (21) evaluated surrogates for validation of e-beam irradiation of foods. Due to the relatively high radiation resistance of E. coli K-12, it may be an appropriate indicator for E. coli O157:H7 (21). Prior work showed that E. coli K-12 was the best candidate to be a surrogate microorganism for the pathogen Listeria monocytogenes (21) .
An e-beam dose range of 0.0 to 4.0 kGy encompasses values used in previous research and does not exceed the maximum dosage allowed by the U.S. Food and Drug Administration for similar leafy green products (4, 14, 17,  18, 24, 25 ). All samples were processed by e-beam as depicted in Figure 1 . Over the course of six trials, the average dose absorbed by cabbage was 0.0, 1.1, 2.4, and 4.1 kGy, with standard deviations of 0.0, 0.06, 0.1, and 0.2, respectively. The average initial and final temperatures for all cabbage samples were 8.5 and 11.5uC. During all treatments, irreversible temperature sensors were not activated, which indicates that there was no localized heating above 27.5uC.
Both total indigenous microflora (via TSA plates) and gram-negative microflora (via MAC plates) were detected in cabbage with no E. coli inoculation. All data were based on duplicate testing of two packages of cabbage per dose level (4 levels: 0, 1.0, 2.3, and 4.0 kGy) at five different e-beam treatment processing dates yielding a total of n~80 indigenous flora tests for all four irradiation levels. Data were analyzed using one-way ANOVA and found to be normally distributed. There were high variances among the indigenous microflora on the fresh-cut cabbage samples due to natural factors, most likely crop harvesting dates, handling, and subsequent processing. This was expected; Kamat et al. (14) reported a large variation in bacterial load for fresh, raw coriander leaves. Zero-dose controls had 5.0 and 4.2 log CFU/g for the TSA and MAC plates, respectively (Table 1) . At the 2.3-kGy dose there was ,1.0 log CFU/g of natural microflora on the cabbage (Table 1) . These results show greater irradiation efficacy than seen before for cabbage that was gamma irradiated at 2.5 kGy, with a decrease of 1.15 log CFU/g relative to an unirradiated control (15) . This demonstrates that e-beam has promise for shelf life extension by decreasing indigenous microflora.
For E. coli K-12-inoculated samples, we used TSA and MAC tests to evaluate the effects of irradiation. All data are duplicate tests of two individual packages of cabbage per treatment level (4 levels: 0.0, 1.0, 2.3, and 4.0 kGy) and six different e-beam treatment dates, for a total of n~96 inoculated sample tests for all four irradiation levels. Data were analyzed by one-way ANOVA and were normally distributed. Unirradiated inoculated controls had 8.7 and 7.3 log CFU/g for the TSA and MAC plates, respectively, as shown in Table 2 . At a 4.0-kGy irradiation level there was a .7-log reduction of E. coli K-12 (Table 2) in the cabbage, which indicates that e-beam may be a viable nonthermal technique to achieve pasteurization of packaged fresh-cut cabbage. Previous research investigating use of gamma irradiation on Listeria-inoculated cabbage found a 3.0-log reduction at 1.0 kGy (4). The surrogate, E. coli K-12, is more radiation resistant than E. coli O157:H7 and Listeria innocua; therefore, lower inactivation levels in this surrogate research are both expected and indicative of a greater margin of safety (21) . In inoculated cabbage there was a linear decrease in surviving log CFU/g counts on TSA as the dose increased, as shown in Figure 2 . The line of best FIGURE 1. Packaged fresh-cut cabbage sealed in six bags and secured with tape on a cardboard carrier just before entry into the e-beam irradiation tunnel at the Kent State University NEO Beam facility. A dosimeter was placed above and below the middle sample of fresh-cut cabbage (bottom row). An irreversible temperature-sensitive film was placed in the middle of the cardboard between the cabbage samples (bottom row, left corner). A portable thermocouple that measured initial and final temperatures is not pictured. a Different capital letters indicate significant differences (P , 0.05) between dose levels measured on TSA media; different lowercase letters indicate significant differences (P , 0.05) between dose levels measured on MAC media. fit has R 2~0 .987, indicating 98.7% of the total variation of E. coli K-12 log CFU/g was attributed to the applied dose, with the remaining 1.3% explained by other factors such as microbial attachment to cabbage. Using the equation for line of best fit (log count~21.773[dose] z 8.523; Fig. 2) , the D-value of e-beam of fresh-cut cabbage was calculated as 0.564 kGy, to yield a 1.0-log reduction.
E-beam significantly decreased the naturally present indigenous microflora and the E. coli K-12 experimentally added to fresh-cut packaged cabbage. A reduction of .4.0 log CFU/g of organisms on fresh-cut cabbage occurred at or below the 2.3-kGy dose level, where there was no viable indigenous microflora detected. At the higher 4.1-kGy dose, there was a .7.0 log CFU/g decrease of added E. coli K-12 inoculated on the surface of cabbage, indicating that pasteurization-like safety effects are achievable with e-beam technology. E. coli K-12 served as an appropriate surrogate for use in food pathogen e-beam and perhaps other irradiation technology research. E-beam is a viable nonthermal process that may prolong shelf life and increase the safety of fresh produce such as fresh-cut cabbage.
